2 1 Expansion of MIR169 members by duplication and new mature forms, acquisition of new 2 2 promoters, differential precursor-miRNA processivity and engaging novel targets increases the 2 3 functional diversification of MIR169 in tomato. (29/30) 2 4 Abstract 2 5 MIR169 family is an evolutionarily conserved miRNA family in plants. A systematic in-depth 2 6
using Trim adapter tool of CLC Genomics workbench version 9. All the miR169 mature forms Further the miRNA/mRNA pairs with an alignment score ≤ 7, total PARE reads more ≥ 2 being 1 7 8 cut at 10 th position (+/-1 base) with evidence from at least 2 datasets were considered as targets. of the start codon (for target) or precursor start site was amplified from genomic DNA and 1 8 5 cloned into pbi101 vector (For primer details refer Supplementary Table 1 ). For the 1 8 6 overexpression of precursors constitutive CaMV 35S promoter was used and named 169a-OX, 1 8 7 miR169a-1-OX, miR169b-OX, miR169b-1-OX, miR169c-OX, miR169d-OX, miR169d-1-OX 1 8 8 and miR169i-OX, 300-400 bp precursor fragments were amplified from genomic DNA, cloned genome consortium, 2012). One would therefore, expect many more MIR169 loci in tomato. This prompted us to perform a genome-wide survey to identify new MIR169 members in tomato. Using an in-house designed pipeline ( Supplementary Figure 1a ) we identified 21 putative 2 3 7 miRNA169 genomic loci in tomato (Table 1) . The length of all predicted MIR169 precursors 2 3 8 range from 100 to 192 nucleotides (Table 1) , which is in the acceptable range of plant miRNA 2 3 9 precursors that are reported from 55 to 930 nucleotides long (Thakur et al. 2011 ). Furthermore, 2 4 0 these precursors also satisfy the criteria used to distinguish miRNAs from all coding and other 2 4 1 non-coding RNAs (Zhang et al. 2006 ).
4 2
We have validated eighteen of these members by cloning and sequencing of amplicons derived 2 4 3 from a pool of cDNA representing different plant tissues as well as stress samples 2 4 4 ( Supplementary Figure 1b) . These miR169 loci include the five known and thirteen new 2 4 5 members. We report two new precursors for Sly-miR169a, four for Sly-miR169b and 3 new 2 4 6 precursors for Sly-miR169d. Additionally, 4 new precursors were validated which produce four 2 4 7 different sequence variants of mature Sly-miR169 (f to i). This increases the mature Sly-miR169 Seven of these mature forms are 21mers while Sly-miR169e and Sly-miR169f are 22-and 20 2 5 0 nucleotide long, respectively. The mature Sly-miR169s exhibit similarity in size and sequence primarily on AGO1, these include three of the novel forms (f, g and h). In contrast, three miR169 2 5 5 mature variants have 'C' as 5' terminal base (including one novel form, i) suggesting their 2 5 6 loading majorly on AGO5 followed by AGO1 (Mi et al. 2008 ). This differential AGO-mediated 2 5 7 loading of different miR169 isoforms could provide functional diversity to different miRNA 2 5 8 variants under different spatio-temporal contexts or stress responses. MicroRNAs tend to evolve continuously by accumulating sequence variations to recognize 2 6 1 newer distinct targets and attain functional divergence. It is noteworthy, that in comparison to 21 2 6 2 MIR169 loci in cultivated tomato S. lycopersicum (Sly), there are 16 loci in the closest wild 2 6 3 relative S. pimpinellifolium (Spi) and 20 members in distant wild relative S. pennellii (Spe) 2 6 4 (Supplementarry Table 2 ). We find that out of the four novel Sly mature forms identified in our 2 6 5 study, forms 'f and g' are absent in Spe but are present in Spi. Further, the mature form 'h' is 2 6 6 absent in both wild relatives while 'i and j' forms are present in Spe and the cultivated variety. Thus, among the analysed tomato lineage, the observed variation in copy number of a 2 6 8 miRNA169 form between cultivated and wild varieties could have a role in miRNA dosage 2 6 9 effect, as is reported for other miRNAs (Marcinkowska et al. 2011) . Moreover, new mature 2 7 0 variants that are present in the cultivated tomato expand the possibility of engaging new targets 2 7 1 which may have roles in tomato domestication. Further, to understand the evolutionary divergence of MIR169 family in tomato, we performed a 2 7 3 phylogenetic analysis with two model plants, the dicot Arabidopsis and monocot rice. The into two clades (Clade II and IV) signifying a common ancestry and similar course of 2 7 7 evolutionary path. However, dicot-specific clade I and sub-clade IV-A as well as monocot- with different AGOs (Mi et al. 2008 ) and the 3′ end may act as a key determinant regulating Segmental and tandem duplication events as well as transposition are considered as the main 2 9 0 sources for gene family expansion within plant genomes (Cannon et al. 2004 ). Localization of 2 9 1 the 18 tomato MIR169 genes shows four gene clusters (Supplementary Figure S4 ) that are 2 9 2 scattered on chromosome 3, -7 and -8. It is reported that nearly 20% of plant miRNAs are 2 9 3 clustered, and generally contain conserved miRNA members of the same family (Merchan et al. 2009). Gene cluster MIR169b-3/b-4 is a tandem duplication that is located within 6 kb DNA 2 9 5 segment on chromosome 3 (Table1, Supplementary Figure S4 ), has 95% sequence similarity and 2 9 6 share similar precursor stem-loop structures ( Supplementary Figures S2a, S3 ). This paralogous 2 9 7 pair clusters at 1000 bootstrap iteration in a tomato-specific MIR169 phylogram (Supplementary 2 9 8 Figure S2b ). Two other tandemly duplicated pairs viz., Sly-MIR169b/h and Sly-miR169b-1/b2 2 9 9 are positioned 6.5 kb and 7 kb apart, respectively, on chromosome 7. The cluster Sly-
MIR169a/a-2 groups together at 1000 bootstrap value, exhibits 89% sequence similarity and (Guddeti et al. 2005 ) and for miR166 in soybean . In tomato, both tandem and segmental duplications appear to have expanded the MIR169 family Genome wide studies on plant miRNA genes have shown that many clustered miRNAs can be 3 0 9 transcribed simultaneously into a single polycistronic unit (Bartel 2004 , Tanzer et al. 2004 , MIR169h precursors is 297bp. This close proximity of their precursors indicates that they may 3 1 3 be transcribed together as a single unit (Supplementary Figure S5a) . To confirm this, primer corroborates their polycistronic nature (Supplementary Figure S5c) . It is noteworthy, that out of 3 1 8 the four miR169s, three code for the 'b' form and one is the new variant 'h' that is present only 3 1 9
in the cultivated tomato (Supplementary Figure S6b , Supplementary Table 2 ). We therefore, 3 2 0 extended the study to find whether these duplications (MIR169b-1/b and MIR169b-2/h) are 3 2 1 conserved between cultivated and wild tomato lineages. Comparative sequence analysis of both 3 2 2 pair shows that the two precursors are in close proximity in both wild relatives also, suggesting sequence, on precursor processing by the Dicer-like protein and other associated protein We then asked the question whether duplication of MIR169s in tomato has created any 2007). We hooked the promoters of the duplicated Sly-MIR169 pairs to GUS reporter gene and 3 3 7 visualized its expression in tomato seedlings. We find that while pro-Sly-MIR169a:GUS promoter of these duplicated pairs shows differences in both numbers as well as types of cis- The miR169 family is known to play significant roles in stress responses like drought, salt, ABA 3 5 2 and heat in plants (Zhao et al. 2007; Zhao et al. 2009; Li et al. 2010 ). We evaluated the conditions in tomato leaves ( Supplementary table 4 ). However, all sixteen tomato MIR169 genes 3 5 7 exhibit significant differential (up-/down-) expression in response to one or the other abiotic 3 5 8 stresses (Figure 2a, b ). There is up-regulation of 11, 15, 3 and 7 precursors and down-regulation 3 5 9 of 1, 0, 12 and 3 precursors in low temperature, HS, dehydration, and salinity stress, respectively 3 6 0 ( Figure 2b ). The promoters of these stress-responsive MIR169s harbor dehydration responsive 3 6 1 elements, low temperature responsive cis-elements and heat stress elements (Supplementary 3 6 2 Table S3 ). Nine MIR169s are uniquely down-regulated in dehydration response while one precursors are stress responsive; over-expression of these miRNAs has potential for engineering 3 6 8 multiple stress tolerance in crop plants. Since fifteen out of the sixteen MIR169 loci were highly expressed in HS, we further explored 3 7 0 the variation of MIR169 response to different HS regimes as well as HS recovery. The regimes 3 7 1 include basal HS (directly exposed to 45 o C), acclimation stress (gradual increase in temperature) 3 7 2 and acquired HS (an acclimation phase prior to harsh HS at 45 o C). It is noteworthy, that fourteen HS regimes (Figure 2c , Supplementary Table S4 ). Ten MIR169 genes are commonly up- up-regulated in acclimation and acquired HS but not in basal stress regime, suggesting its role in priming response of the plant for thermo-tolerance (Figure 2c, d ). Ten MIR169 members exhibits maximum GUS activity in roots (Li et al. 2010; . To assess MIR169-3 8 8 mediated tissue-specific regulation in tomato, we did detailed investigation of MIR169 members 3 8 9 in various tissues viz., leaf, root, inflorescence and fruit by qRT-PCR. We find that the MIR169 3 9 0 transcripts have low abundance at all stages of development ( Supplementary Table S4 ) except 3 9 1 for three loci (Sly-MIR169a, Sly-MIR169d-1, Sly-MIR169g). Keeping leaf as control, we find 3 9 2 that MIR169s behave quite similarly in root and mature green (MG) fruit (Figure 2e , f). One striking difference is that Sly-MIR169b-1/b is highly abundant in root but is absent in MG and 3 9 4 breaker fruits. Sly-MIR169d is not detected in roots, but is abundantly present in flower stages. (Figure 2e, f) . Sly-MIR169b-1/b is not detected in fruits and Sly-MIR169g is highly 3 9 9 down-regulated (~7-folds) in breaker stage. SlMIR169b-2 shows strong expression in roots and 4 0 0 mature fruits, suggested its role in root and fruit development. Expression analysis of different 4 0 1 MIR169 precursors highlights not only development-specific roles but also the regulation Studies have shown that increase in the copy number of miRNA family is coupled with the miRNA169-mediated degradation of transcripts. We identified several targets for MIR169 in 4 1 0 tomato ( Supplementary Table S5 ). These include the classical targets of miR169s the targets, we identified, we generated fusion constructs of targets with GFP reporter gene in its All five NF-YAs (NF-YA1, -A3, -A8, -A9, -A10) ( Figure 3a ) and seven novel targets were that is important in protein-protein interactions (Figure 3b, Supplementary Figure S10 ).
Regulatory diversity of duplicated MIR169 genes by different promoter acquisition

2 6
Overexpression of miR169a (miR169a-OX) reduces NF-YA3 and Asp-AT transcript by 2.4-and 4 2 7 1 6 3.3 folds, respectively. Very strong reduction is obtained for SEPL-3 (15.8 fold) and NF-YA9 4 2 8
(2.5 fold) by miR169b-OX overexpression. miR169c-OX overexpression causes reduction of 4 2 9 NF-YA1 transcript by 2.5 fold. miR169d-OX mediates reduction of NF-YA8 (4.1 fold), NF- (2.2 fold) by overexpression of miR169i (Figure 3a, b) . To further confirm the miR169-mediated gene expression , protein turnover (Park et al. 2007) , photosystem assembly and repair (Park et al. 2007 , Heinnickel et al. 2016 , chlorophyll biosynthesis, and thylakoid 4 5 6 membrane biogenesis (Schottkowski et al. 2009 ). We find that TPR activity that is regulated by 4 5 7 1 7 miR169b is also important in root and fruit (Figure 4g ). Our study shows that miR169h is present 4 5 8 in only the cultivated variety so it was intriguing to establish role of any new target that may 4 5 9 have been acquired during domestication. While six targets were predicted (Supplementary 4 6 0 Table S4 ), we could validate only RBP as a bona fide target using STTM assay (Figure 3c ). It is known that secondary structural determinants of the precursor like stem-loops/bulges and show variation in structures as well as differences in sequence in stem part of precursors 4 7 3 (Supplementary Figure S3 ). We therefore, decided to evaluate, the processing efficacy of some however; there is great degree of variation in target reduction using different precursors. Strong 4 7 9 reduction of NF-YA10 was mediated by Sly-MIR169b (6.5 fold down-regulation) followed by 4 8 0
Sly-MIR169d-1, Sly-MIR169a, Sly-MIR169d, Sly-MIR169c and Sly-MIR169a-1, respectively 4 8 1 (Figure 5a ). Since all precursors are expressed under the same promoter therefore, post-4 8 2 transcriptional regulation of precursor processing itself and/or accumulation of mature miRNA is 4 8 3 responsible for this differential cleavage of NF-YA10 transcripts. Further, the question arises whether transcriptional control of precursor also regulates target 4 8 5 abundance in-planta. Therefore, we dissected the interplay of the above MIR169s with NF- Sly-MIR169a-1, Sly-MIR169c and Sly-MIR169d express only in aerial above ground parts of 4 9 2 tomato. Notably, while GUS transcripts do not increase in HS for the NF-YA10 promoter 4 9 3 (Figure 5b, c) , the mRNA abundance of NF-YA10 reduces by ~4-folds (Figure 5d ). This Plants are a unique group among eukaryotes that have a robust system to sense light and 5 0 2 temperature to not only make their own food by photosynthesis but regulate other to one place, they are exposed to various biotic and abiotic stresses. Thus, for their successful new promoters that are regulated in spatio-temporal as well as stress-responsive manner. Existence of polycistronic forms that are conserved between the cultivated and two wild varieties highlight an evolutionary conserved feature that has probably evolved for strong 5 1 7 expression of miRNA it encodes. A specie-specific MIR169h form that is present only in the 5 1 8 1 9 cultivated variety has also been validated. Moreover, we have shown differential cleavage 5 1 9 efficiencies of the precursors that adds another layer of regulation that might be important for 5 2 0 fine tuning the MIR169:target control mechanism in different stages of development and 5 2 1 response to environment. We have identified four new mature forms that increase the 5 2 2 possibility to engage new targets for functional divergence. In this regard, novel targets have 5 2 3 been identified and validated that exhibit antagonist expression to miRNA in different abiotic tomato not only in terms of new members (both miRNA and targets) being identified but also 5 2 7 their regulation, functional divergence and potential application for crop improvement. The authors acknowledge NIPGR core grant, phytotron facility, CIF and field area. CLN1621L Arabidopsis and rice using Neighbour-Joining method. The bootstrap support from 1,000 5 3 7
replicates are shown at the base of nodes. The major clades are marked by arcs and numbered.
3 8
Clade IV is further divided into three sub-clades marked at the base of node by different colored comparing the expression of the GFP fused to miR-sensitive targets alone and when co- of GFP mRNAs of p35S: GFP-targets was performed with hygromycin gene that is present in the 5 7 0 same vector as control for normalization. Data are shown as means ± Standard Deviation of three 5 7 1 biological replicates with 3-4 agro-infiltrated plants for each construct. Developmental expression patterns of the target genes obtained from Genevestigator. Results are 
